In this paper, a multiple cracks monitoring system composed of a fiber optics cable and an interrogation unit based on Optical Backscattering Reflectometry technique is demonstrated. A mechanical strain transfer model is validated by performing an experimental test on a real scale reinforced concrete beam. The model is fitted to the strain spatial distributions, and the resulting parameters are discussed. Estimated crack openings are compared to those measured using traditional LVDT sensors and Digital Image Correlation (DIC) technique. Results show that this system, initially a strain monitoring system, can efficiently detect all multiple cracks, follow its propagation inside the structure, and more importantly monitor the surface and in-depth crack openings. The proposed multiple crack monitoring system will be of great help for early crack detection, as well as monitoring long-term degradation phenomenon like fatigue.
INTRODUCTION
Nowadays, reinforced concrete is the most employed material in the construction industry, but the global trend is to reduce its consumption rate and thus to change the focus from design of new structures to maintenance of the current constructions. The recent tragedy of Morandi Bridge collapse in Genoa has put the spotlight on the importance of health monitoring of civil infrastructures before performing repairing and maintenance works. Most of the local damage in a structure is revealed by cracks. Thus, monitoring cracks at the micro level are important to give assurances of a structures strength and serviceability.
While for a long period of time, visual inspection was commonly used to monitor cracks, a new Non-Destructive Testing technique called Digital Image Correlation (DIC) has shown its capability of crack identification (detection, localization, quantification) on the surface of the structures.
On the other hand, Distributed Fiber Optics Sensing (DFOS) techniques proved that it can achieve accurate and reliable strain measurements, while also following crack propagation (1) continuously, (2) inside and on the surface of the structure and (3) all over its length. DFOS measurement systems are composed of an interrogator and an optical fiber playing the role of a sensor. These fibers are small, resistant to corrosion and insensitive to external electromagnetic perturbations. Different interrogation units are available nowadays based on the analysis of the Brillouin and Rayleigh backscattered light all over the silica optical fiber. While it is now well established that these systems have the ability to perform accurate strain measurements and detect the presence of cracks [1] [2] [3] [4] , the possibility to quantify the crack openings through the distributed strain measurements has been recently studied [5] [6] [7] [8] [9] [10] .
However, all these studies consider a single crack. In a real concrete structure, multiple cracks are likely to occur resulting in a complex measured deformation with possible overlap between adjacent cracks. This paper focuses on this more realistic case where multiple close micro-cracks appear in a real scale reinforced concrete beam. The crack openings propagation on the surface of the beam as well as in-depth variations will be studied and compared to those estimated by DIC technique and measured by classical LVDT sensors.
EXPERIMENTAL INVESTIGATION Test set-up
A 200x400x2900 mm reinforced concrete beam is tested under four-points loading. Figure 1a shows the geometrical dimensions of the beam and the position of different rebars. The distance between the two supports and the two loading points are respectively 2500 mm and 800 mm. On the front side, the beam was textured for DIC in the area between the two loading points (Figure 1b ). On the back side, two LVDT sensors where fixed on the left and right side of two other LVDT sensors fixed in the center of the beam at a top and bottom levels, respectively 45 mm and 95 mm from the bottom of the beam (Figure 1c ).
One optical cable was fixed over the length of the beam at the top and bottom levels ( Figure 1d ). While five FO lines (FO Line 2, 3, 4, 5, 6) were embedded inside the beam before casting of concrete (Figure 2a ), four other lines (FO Line 1B, 1T, 7B, 7T) were mounted on the front and back surface by gluing the optical cable inside a 3x3 mm groove using a two-component epoxy adhesive. Figure 2b shows the AFL optical cable (from Sensornet, Hertfordshire, United Kingdom) used as a sensor. The cable holds six fibers wrapped around a central rod and embedded in a soft polymer matrix ( Figure 2c ). One of the optical fibers was connected to the OBR 4600 interrogator (manufactured by Luna, Blacksburg, VA, United States) used for performing the measurements. Based on Optical Backscattering Reflectometry (OBR) technique, the strain measurements were calculated with a spatial resolution of 10 mm and a strain accuracy of ± 4.1 µm/m. The DIC technique is based on the observation of a light-dark pattern (applied to the surface of the beam) by two synchronously triggered cameras (DIC sensor). The image of the pattern is divided into sub-image areas (so-called facets). These facets and their movement, due to the applied load, are identified and followed using the images taken during the test. Since the cameras are calibrated photogrammetrically in a stereo arrangement, the 3D coordinates of the corresponding material areas can be determined from the image positions of the facets, which lead to calculating vertical and horizontal displacement and deformation parameters. Facet size of 15x15 mm has been fixed for this experiment. Due to the limited measurement frequency of the interrogator (0.25Hz), a step-wise loading was performed until reaching an applied load of 80 kN. Between the total 64 loading steps, the first 4 steps had an amplitude of 5 kN each, while the following 60 steps had an amplitude of 1 kN. At each step, the spatial strain distribution along the optical cable was measured using the OBR4600 interrogator and an image was taken using the two cameras.
MECHANICAL STRAIN TRANSFER FUNCTION
Optical fibers are usually surrounded by protective layers or adhesives. It was found that a crack formation, leading to a deformation discontinuity, is sensed by the optical fiber through the intermediate layers due to strain transferring mechanisms. As a result, localized strain distribution, covering an important length (several centimeters) of the optical cable, can be measured [11] . Thus, as shown in Figure 3 , direct damage detection and localization can be achieved contrary to short gauge and long gauge sensors where sophisticated algorithms are required [12] . The host material discontinuities are sensed by the optical fiber as localized strain distributions. The influence of the mechanical properties of different intermediate layers can be described through strain transfer theories. Several mechanical models were proposed for embedded and surface attached optical sensors directly relevant to embedded short-length sensors where the stress transferring problem at borders cannot be neglected in comparison to its high accuracy.
Feng et Al [13] established a shear lag model based on the one proposed by Ansari et Libo [14] . By assuming that the deformation discontinuity leads only to strain variations localized in the vicinity of the crack location and neglecting any effects on the axial strain or any debonding at interfaces, the authors introduced the crack opening parameter in the strain transfer analysis of a multilayered system. This system is composed of an optical fiber, intermediate layers and the host material. All different layers are assumed to have a linear elastic behavior and a perfect bonding at different interfaces. The model proposes a relationship between the strain measured by the fiber, f (x), the strain in the host medium in the absence of a crack, m (x), and the strain induced by the crack, via the following strain transfer equation:
Where COD and λ represent respectively the crack opening displacement and the shear lag parameter. This equation results from assuming that e 2λL F COD 2 and fixing the two boundary conditions: (1) u f (0) = 0 and (2) f (L F ) = m , with u f being the displacement in the fiber and L F the far field distance. As can be seen, the measured strain at the level of the optical fiber is equal to the strain in the host material added to the crack signature or crack induced strain part under the form of an exponential distribution.
RESULTS AND DISCUSSION
Based on visual observations at full cracking state, a crack map of the beam is created by means of manual crack mapping. At the end of the test, fourteen cracks propagated inside the beam where seven are located in the DIC region between the two loading points as shown in Figure 4 . The mechanical transfer function mentioned in equation 1 is introduced in order to fit the measured strain profiles using the least square method as follows:
COD i (for each crack i) and λ are selected as variable parameters, while a trapezoidal approximation of m (x) is adapted based on the strain level before the appearance of the multiple microcracks. The parameters k and x i , representing respectively the total number of cracks and their position, are fixed manually for each load step to simplify the fitting process. Figure 5 shows that the computed strain profiles are clearly in accordance with those measured by the DFOS system at each load level while low residual levels are randomly scattered around the zero line, indicating that the model describes well the measured strain data. On the back side of the beam, the openings of cracks 4, 7 and 10 are extracted and compared to LVDT measurements. Figure 6 shows the openings of cracks 4 and 10 at the bottom level (FO Line 7B) and the opening displacement of crack 7 at the top level (FO Line 7T) as a function of the applied load. The measured openings for crack 7 at the bottom level are not presented due to a problem with the LVDT sensor glued at this crack position during the beam test. It is clear that the estimated crack opening displacement values from the DFOS strain measurements are in accordance with those measured from LVDT sensors. These values reach the precision and repeatability level of LVDT sensors with relative difference lower than 5%. Figure 7 shows the estimated openings for cracks (4 to 10) at the bottom (FO Line 1B) and top level (FO Line 1T). There is again an agreement between the values measured by DFOS and DIC techniques, particularly with regard to the shape of the curves. However, relative differences reached 20% for some cracks. At the top level, the estimated openings for crack 10 have higher relative error values due to its position at the border of the DIC textured surface. Another exception is crack 8 openings estimations where relative error values are inconsistent with the majority of the results. This can be attributed to the harsh crack propagation that could be the reason behind debonding initiation next to the crack location.
Due to the difficulty in finding crack meters that can be embedded inside the concrete material and are small enough to be accurate in term of position, it is hard to validate cracks openings estimations from FO Line (2, 3, 5, 6) . However, by assuming a linear opening variation based on the front and back side DFOS estimations, it is possible to calculate a theoretical crack opening values at each FO line position over the thickness of the beam. As shown in Figure 8 , the estimated values from FO Lines (2,3,5,6) for crack 10, where front and back side opening estimations were previously validated, are in accordance with the theoretical values with a relative error varying around ± 10%. 
CONCLUDING REMARKS
In this paper, the capacity of a Rayleigh based DFOS system to perform multiple crack identification in a reinforced concrete beam has been examined. DFOS strain measurements allowed early crack detection and localization during the linear elastic state of the reinforced concrete beam. By fitting the strain-transferring model to the DFOS strain measurements, the crack opening displacement values for each of the multiple microcracks were estimated. DFOS technique achieved similar accuracy as LVDT sensors and DIC techniques. Moreover, DFOS technique shows better repeatability than DIC technique. By assuming linear crack openings variation over the thickness of the beam, the strain measurements from embedded optical fiber lines inside the beam show similar results.
Based on these results, one can imagine a structural health monitoring system based on the implemented DFOS system. In addition to the possibility to monitor strain over the length of the structure with a good accuracy almost equal to strain gauge sensors, the spatial strain measurements from this DFOS system can be used to accurately detect and localize all the microcracks at early stages and estimate the crack openings. As a conclusion, this strain monitoring system can also function as a multiple cracks opening monitoring system. The novelty of this SHM system could be in its capacity to monitor continuously the full length of a medium size civil infrastructure, like a bridge, by providing not only on the surface but also in-depth crack openings. Establishing this crack monitoring technique opens the road for studying long term phenomena like the fatigue of reinforced concrete structures or new materials like ultra high-performance fiber reinforced concrete. As a next step, the durability of the system should be examined by studying the behavior of the optical cable under mechanical and environmental cyclic loading.
